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DongpingThe Dongping gold deposit is a large deposit with total gold reserves of N100 tons. It is located at the northern
margin of the North China Craton, northwestern Hebei province, China. The ore-bodies are hosted by the
Devonian Shuiquangou syenite complex and consist mainly of auriferous quartz veins and disseminated ore in
the altered and siliciﬁed syenite. U–Pb dating of zircon from hornblende syenite on the western margin of the
complex yields a crystallization age of 400 ± 3.5 Ma (MSWD = 0.018). Morphology, cathodoluminescence
imaging and geochemical classiﬁcations of zircon from the ﬁrst stage of disseminated ore and gray auriferous
quartz veins, and from later stage, low grade quartz veins point to their newly crystallized hydrothermal origin.
The hydrothermal zircon from the disseminated ore and auriferous gray quartz vein are dated at 389 ± 1.0 Ma
and 385 ± 5.7 Ma, respectively, which are detectably younger than but close to the crystallization age of the
syenite complex and might have been formed by post-magmatic hydrothermal processes. Both types of ore
are dominant in the ore deposit, and we propose that the pervasive, post-magmatic hydrothermal alteration is
the main ore forming stage. Hydrothermal zircon from a low grade auriferous quartz vein yields a U–Pb age of
~140 Ma, interpreted as forming during a younger period of superimposed Yanshanian hydrothermal minerali-
zation. Thus, the ore of the Dongping goldmine represents a post-magmatic Devonian hydrothermal ore deposit
with Jurassic–Cretaceous hydrothermal overprinting.
© 2014 Elsevier B.V. All rights reserved.1. Introduction
The Dongping gold deposit, which is located in northwestern Hebei
province, China, is a large deposit with proven gold reserves of
N100 tons. The deposit is hosted in the Devonian Shuiquangou syenite
complex. Ore types consist mainly of auriferous quartz veins and
disseminated ores (K-feldspar altered and siliciﬁed syenite), both of
which are characterized by low sulﬁde and As contents, and a Te-
enrichment. The geological and geochemical features of the Dongping
gold deposit have been extensively investigated and debated during
the past two decades (Bao and Zhao, 2006; Bao et al., 2003; Cook
et al., 2009; Fan et al., 2001; Lu et al., 1993, 1997; Mao and Li, 2001;
Mao et al., 2003; Mo, 1996; Nie, 1998; Song and Zhao, 1996; Zhang,
1996). Based on 40Ar–39Ar ages of the hornblende from the syenite
(327 ± 9 Ma) and hydrothermal K-feldspar from ores (157–177 Ma),
Song and Zhao (1996) proposed amodel suggesting that the ore metals
were leached from the syenite by hydrothermal ﬂuids during
Yanshanian (Jurassic–Cretaceous) tectonism. Similarly, based on the
ore metal association, close spatial relation with the syenite complex,
and S, Si, and Pb isotope compositions of the ore-related minerals,some researchers suggested that the ore deposit is genetically directly
related to the syenite complex (Nie, 1998; Nie et al., 2004; Zhang
et al., 2005). However, this hypothesis is inconsistent with the more
than 200 m.y. gap between the available ages of the syenite complex
and ore formation. Moreover, some other workers argued that the low
salinity, CO2-rich ore ﬂuids reﬂect a metamorphic hydrothermal origin
(Hart et al., 2002; Mao et al., 2003), which is typical of most orogenic
gold deposits (e.g., Goldfarb et al., 2001). Orogenic gold deposits
are usually associated with greenschist phase metamorphic rocks
(e.g., Goldfarb et al., 2001), which is likely due to the pyrite to pyrrhotite
transition during progrademetamorphism fromgreenschist to amphib-
olite phases (e.g., Sun et al., 2013). TheDongping gold deposit, however,
is located in the central part of the Shuiquangou syenite, which is not
the usual geologic setting for orogenic gold deposits. More importantly
the reported argon ages of ore formation are inconsistent with those of
the regional tectonic andmagmatic events (Hu and Song, 2002, 2003; Li
and Bao, 2012; Miao et al., 2002). The suspect 40Ar–39Ar ages for the
magmatic hornblende and hydrothermal K-feldspar might be the result
of partial resetting by later thermal events or excess 40Ar inherited from
the feldspars during K-feldspathization. The mixing of two generations
of K-feldspar has also been proposed as a possible explanation of the
spurious ages (Berger, 1975; Kuiper, 2002). Obviously, the geochemical
and metallogenetic understanding of the Dongping gold deposit is
hindered by a lack of precise dating of the ore forming process.
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mal zircon from altered rocks and quartz veins of ore deposits is a
good tool for dating hydrothermal ore formation (Claoué Long et al.,
1990; Kerrich and King, 1993; Pelleter et al., 2007; Toscano et al.,
2014; Zartman and Smith, 2009). However, presumed hydrothermal
zircon in altered rocks and ores might alternately be hydrothermally
altered wall rock zircon, or zircon mechanically entrapped from the
wall rocks. Therefore, U–Pb dating of zircon must be accompanied by
detailed mineralogical and chemical study to indentify its source.
Hydrothermal zircon, either directly precipitated from ﬂuid solution or
formed from hydrothermal alteration of country rock, often shows
cathodoluminescence images and rare earth element compositions
different from that of magmatic zircon (Hoskin, 2005; Pelleter et al.,
2007; Yang et al., 2013).
In order to precisely date the ore-forming processes, LA–ICPMS and
SIMS zirconU–Pb dating, CL imaging, and LA–ICPMS trace element anal-
ysis were carried out on hydrothermal zircon from auriferous quartz
veins and K-feldspar altered disseminated ores obtained from the
Dongping gold deposit, and magmatic zircon from hornblende syenite
of the Shuiquangou syenite complex. A metallogenetic model for the
Dongping gold deposit is proposed based mainly on the new dating
results.
2. Geological background
The Dongping gold deposit is situated in Chongli county, Hebei prov-
ince. Tectonically, it is located on thewestern endof theYanshan orogenQ
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Fig. 1. Geological sketch map of the Shuiquangou syenite complex and dat the northern margin of the North China Craton, about 10 km to the
south of the Shangyi–Chongli–Chicheng fault (Fig. 1). The Shangyi–
Chongli–Chicheng fault belt, a deep-rooted fault that extends along
the southern boundary of the Inner Mongolia axis on the edge of the
craton, was formed in the Mesoproterozoic, and was subsequently
reactivated in the Neoproterozoic, Paleozoic, and Mesozoic (Hu et al.,
2003; Zhang et al., 2007). The fault system is a ductile to brittle, multi-
stage thrust fault, and it is still an important seismically active zone
(Ma and Zhao, 1999).
Archean and Paleoproterozoicmetamorphic rocks arewidespread in
the region. The Sanggan metamorphic complex, consisting of Archean
amphibolite and granulite generated from a series of maﬁc to felsic
volcanic rocks and clastic sediments, is widespread to the south of the
Shangyi–Chongli–Chicheng fault. The Paleoproterozoic Hongqiyingzi
Group, consisting of marble, quartzite, amphibolites, and gneiss gener-
ated from a series of marine volcanic and sedimentary rocks, occurs to
the north of the fault. Mesoproterozoic marine sedimentary rocks
occur sparsely in the southeastern corner of the deposit area. Early
Cretaceous Zhangjiakou Group continental volcanic–sedimentary
rocks occur in the southern and southeastern part of the mining area.
The Devonian Shuiquangou syenite complex intruded Archaean
metamorphic rocks and are locally unconformably overlain by Early
Cretaceous volcanic rocks. The syenite complex is NW-trending and
dips to the south, with an outcropping area of about 350 km2. The
syenite complex is composed of augite–hornblende–alkali feldspar sye-
nite, alkali feldspar syenite, quartz–alkali feldspar syenite, and quartz
syenite. It is noteworthy that the lithology of the complex changesrnary 
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Fig. 2. Cross section of the Dongping gold deposit. 1. Quaternary; 2. Syenite; 3. K-
feldspathized and siliciﬁed syenite; 4. Quartz vein.
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MgO, FeO, and Fe2O3 decrease, whereas K2O, Na2O, and SiO2 increase
eastwards as the rock types change fromaugite–hornblende–alkali feld-
spar syenite to quartz syenite. Geochemical and isotopic characteristics
of the syenites show that theyweremainly derived frompartialmelting
of the upper mantle (Bao et al., 2003; Jiang, 2005). Intensive post-
magmatic hydrothermal alteration of the syenite was observed at the
mining area, which includes siliciﬁcation and K-feldspathization during
which euhedral allanite was replaced by anhedral allanite, and
chervkinite-(Ce) was replaced by an allanite and ilmenite association,
which is likely the cause of the REE tetrad in altered rocks. The inferred
composition of the hydrothermal ﬂuids is characterized by high alkalic
and F contents (Jiang, 2006, 2003). Several gold deposits including the
Dongping, Zhongshangou and Huogou deposits have been exploited in
the inner contacts or inside of the Shuiquangou syenite complex.
SHRIMP zirconU–Pb dating of the syenites froma location adjacent to
the Dongpingmining area and from the eastern part of the complex yield
ages of 390 ± 6 Ma and 386 ± 7 Ma, respectively (Miao et al., 2002). In
addition to the Shuiquangou syenite complex, which is the host for the
Dongping and several other gold deposits, there are a few Mesozoic in-
trusions adjacent to the syenite. The Triassic Honghualiang biotite
syenogranite and Guzuizi coarse-pegmatitic porphyritic syenogranite
have SHRIMP zircon U–Pb ages of 235 ± 2 Ma and 236 ± 2 Ma, respec-
tively, and occur to the north and south of the syenite (Jiang et al.,
2007; Miao et al., 2002). Both Triassic granites are adakitic and might
be derived from partial melting of the lower crust during the closure of
the Paleo-Asian Ocean in the Late Permian (Jiang et al., 2007). Cretaceous
magmatism is widespread in the region, including the Zhuanzhilian
diorite (139.5 ± 0.9 Ma, SHRIMP zircon U–Pb, Jiang et al., 2007),
Shangshuiquan syenogranite (142.5 ± 1.3 Ma, SHRIMP zircon U–Pb,
Miao et al., 2002), and Beizhazi monzogranite (130.5 ± 1.5 Ma,
SHRIMP zircon U–Pb, Li and Bao, 2012). The Cretaceous granitic rocks
likely formed in extensional tectonic settings related to Mesozoic litho-
spheric thinning of the North China Craton (e.g., Deng et al., 2007; Gao
et al., 2002; Li et al., 2013; Liu et al., 2012; Menzies et al., 2007; Wilde
et al., 2003; Xu et al., 2013; Zhu et al., 2012).
Faulting in the study area is well-developed. In addition to the ﬁrst-
order east-west trendingShangyi–Chongli–Chicheng fault,which extends
down to the Moho (Hu and Song, 2002), there are several subordinate
faults, particularly the Zhongshangou–Honghuabei–Shangshuiquan
fault, which controlled the emplacement of the syenites and might also
have been themain conduit for the hydrothermal gold activity. Orebodies
are hosted inNNE- andNW-trending, third-order brittle–ductile fractures
(Song and Zhao, 1996).
The Dongping gold deposit is located in the central part of the
Shuiquangou syenite near the village of Dongping, where the ore bodies
occur in the southern contact zone of the syenite. The deposit is hosted
in a series of NNE-striking subparallel, commonly en echelon auriferous
quartz vein swarms and quartz-K-feldspar veinlets within syenite. All
together 69 auriferous veins have been delineated in the mining area
across a surface area of more than 21 km2. The veins are enveloped by
intensively K-feldspathized syenite, ranging commonly from a few
tens of cm up to a few m thick, and even up to 30 m at depths in the
mine. The ore vein No.1–70 consists ofmore than 60 orebodies, contain-
ing 80% of the total gold resources. This ore vein is more than 1300 m
long with width varying from tens of m to more than 500 m, controlled
depth extending to more than 800 m (Fig. 2). Individual orebodies are
generally 200 to 400m long, 0.12 to 36 m thick and extend downwards
for 100 to 600m, which are commonly striking 20–30° NE and NWdip-
ping with angel of inclination around 30–50°. The ore grade averages
6 g/t Au throughout the mine, but the grade for individual orebody
varies between 4 and 23 g/t. Gold is generally ﬁne-grained and rarely
visible in hand specimen. The ore types vary from surface downwards,
with auriferous quartz vein in the upper part of the orebodies, quartz
stockworks and disseminated ores in the middle, and disseminated
ores in the lower part. The ores are low in sulﬁdes (b3%), with majorsulﬁdes consisting of pyrite, withminor chalcopyrite, galena, and sphal-
erite, and lesser amounts of the oxides, specularitic hematite, and mag-
netite. Gangue minerals include quartz, microcline, and albite. Gold
mainly occurs as native gold, calaverite, electrum, and petzite. The Te/
Au ratio of the ores has an average value of 0.71 but is observed to in-
crease with the grade of Au (Zhang et al., 2001).Wall rock alteration in-
cludes extensive siliciﬁcation with formation of K-feldspar, albite,
pyrite, sericite, chlorite, and epidote. Fluid inclusion results show that
the ore-forming ﬂuid was moderately saline (5%–7% NaCl), ranging in
temperature frommesothermal to hypothermal (homogenization tem-
peratures of 250 °C–380 °C), and chemically of the NaCl–CO2–H2O type
(Fan et al., 2001;Mao et al., 2003). Ore forming processes can be divided
into three stages from early to late, including: (1) gold-bearing quartz-
K-feldspar veins and stockworks along with enveloping disseminated
sulﬁde and gold zones (Fig. 3a,b), (2) gold-bearing quartz veins and au-
riferous quartz-polymetallic sulﬁde veins (occurring locally as veinlets
in the earlier stage of auriferous quartz veins) (Fig. 3c), and (3) barren
calcite-quartz veins (rare visible in the ﬁeld, commonly occur as ﬁne
veinlet under microscopy). Gold mineralization mainly took place in
theﬁrst stagewhile the second stage represents latter hydrothermal su-
perimposition. However, cross-cutting quartz veins and overprinting by
later K-feldspar and quartz are common (Fig. 3d).
3. Sampling and analytical methods
Investigations on the behavior of zircon, apatite and other accessory
minerals during hydrothermal alteration and the Tetrad REE effect of
the Shuiquangou syenite show that the zircon in the mining area is
heavily damaged (Zhao et al., 2010). Because the syenites in themining
area underwent intense alteration and the SHRIMP ages by Miao et al.
(2002) lack internal structural information, it was deemed desirable to
redate the syenite. To minimum the possibility of hydrothermal
overprinting of theU–Pb isotope system and, thus, to justify the reliabil-
ity of the isotopic dating, pristine zircon from unaltered hornblende-
alkali feldspar syenite situated about 20 km away from the mining
area in the western part of the syenite complex, were also analyzed
using the LA–ICPMS method.
(a) (b)
(c) (d)
Fig. 3. Photographs from underground exposures in the Dongping gold deposit. (a) Altered syenite with quartz veinlets crosscut by later stage quartz-sulﬁde veins; (b) broad gray quartz
vein; (c) low grade quartz vein; (d) low grade quartz veins with localized sulﬁdes enrichment.
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of the syenite complex, and it is gray to pinkish consisting of microcline,
albite, diopside, aegirine augite, ferropargasite, achromaite, and accesso-
ry minerals including zircon, sphene, and rutile. Three ore samples,
representatives of three different ore-types, were collected from the
Dongping deposit. Sample BDP-4 is from auriferous disseminated and
stockwork mineralization in the syenite collected at the 1200 m level
of theNo. 1-70 orebody. The rock is pinkish due to intense K-feldspar for-
mation. Sample D-77 was collected from a 30-cm-wide, gray auriferous
quartz vein with abundant sulﬁdes and grading about 200 g/t Au at the
1224 m level of the No. 1-70 vein. Sample D-19 was collected from a
10-cm-wide, low-grade, milky white auriferous quartz vein at the 1184
m level of the No. 1-70 vein system. No. 1-70 at 1184 m level from a
10-cm-wide, low-grade, milky white auriferous quartz vein. The quartz
vein is surroundedby amoderate amount of K-feldspar alteration; small-
er sulﬁde-bearing quartz veins commonly cut across or run subparallel to
the big quartz vein.
Zircon was separated using conventional crushing, heavy liquid, and
magnetic separation techniques and hand-picked under a binocular mi-
croscope. It was then mounted onto epoxy resin disks and polished to
near half thickness in order to expose internal structures. Fracture- and
enclave-free grains and/or spots within grains were selected based on
microscopy observation and cathodoluminescence images for analyses.
Uranium–Pb dating of zircon from the disseminated ore and unal-
tered hornblende syenite, and in-situ trace element analyses of all zircon
grains were performed using an Agilent 7500a ICP-MS coupled with a
Resonetics RESolution M-50 (193 nm ArF excimer) laser system at the
State Key Laboratory of Geochronology andGeochemistry, ChineseAcad-
emy of Sciences. Sample mounts were placed in a specially-designed
double volume sample cell ﬂushed with Ar and He. Laser ablation was
operated at a constant energy (81 mJ cm−3) at a repetition rate of
10 Hz and a spot diameter of 31 μm. The ablated material was carried
by He–Ar gas via a Squid system to homogenize the signal to the ICP-
MS (Li et al., 2012a; Liang et al., 2009). Off-line selection and integration
of background and analyzed signals, and time-drift correction and quan-
titative calibration for trace element analyses and U–Pb dating wereperformed by an in-house program ICPMSDataCal (Liu et al., 2010). Ex-
ternal standard glass NIST SRM 610 and standard zircon Tomora were
used for external calibration (Black et al., 2003; Li et al., 2012a). 29Si
was used as the internal standard. Common Pb correction and ages of
the samples were calculated by using ComPbCorr#3_17 (Andersen,
2002). Concordia diagrams and weighted mean calculations were
made using Isoplot/Ex_ver3 (Ludwing, 2003). Uncertainties are listed
in Table 1 and the weighted mean ages are quoted at the 95%
conﬁdence level. The analytical method and data treatment are similar
to those of Yuan et al. (2004) and Liang et al. (2009).
Measurements on zircon grains from the two quartz veinswere con-
ducted using the CAMECA ims-1280 SIMS at the Institute of Geology
and Geophysics, Chinese Academy of Sciences in Beijing, mainly be-
cause the zircon grains from the quartz veins are too small to analyze
using LA-ICPMS method. Details of the procedures and data handling
are the same as described by Li et al. (2009). Uncertainties for individual
analyses in the data table are reported at a 1σ level;mean ages are quot-
ed at the 95% conﬁdence interval by pooling multiple U/Pb and Pb/Pb
analyses for the same samples. Data reduction was carried out using
the Isoplot/Ex v.3.0 program (Ludwig, 2001).
4. Results
4.1. Cathodoluminescence imaging
Pristine zircon grains from the hornblende syenite (sample D-06)
are stubby prisms, colorless to light yellowish. Cathodoluminescence
(CL) images of most zircon grains show oscillatory zoning, indicating a
magmatic origin (Fig. 4a).
Zircon grains from thedisseminations in the altered syenite (BDP-04)
are coarse, yellowish to brown, irregular grains or aggregates, and exhibit
textureless or mosaic textures, weak cathodoluminescence; relicts of
magmatic oscillatory zoning are rare (Fig. 4b).
Zircon grains from the gray auriferous quartz vein (D-77) are
brownish and composed of two groups. One group of zircon grains
shows core-overgrowth structures on CL images, which suggests
Table 1
REE concentrations of zircons from the ores and hornblende syenite (ppm).
La Ce Pr Nd Sm Eu Gd Tb Dy Ho Er Tm Yb Lu δCe (Sm/La)N REE
Zircons from the hornblende syenite
D06-01.02 0.04 13.4 0.03 0.33 0.46 0.34 3.42 1.05 13.1 6.12 33.1 8.7 110 27.5 175 49.4 217
D06-01.03 0.04 19.1 0.1 2.06 2.36 1.19 9.77 3.32 38.1 15.9 82.2 20.9 245 58.9 82.0 121 499
D06-01.04 0.05 17.9 0.08 1.04 1.53 0.86 7.55 2.58 30.4 13.2 69.0 17.7 205 50.0 66.6 43.2 417
D06-01.05 0.05 7.84 0.04 0.34 0.49 0.4 3.27 1.02 13.1 5.79 31.3 8.5 106 26.7 87.1 31.7 205
D06-01.06 0.06 16.4 0.12 1.52 2.07 1.2 9.8 3.07 35 15.1 80.3 20.5 247 61.5 67.3 115 493
D06-01.07 0.05 8.67 0.04 0.48 1.13 0.52 4.46 1.38 17.3 7.35 40.2 10.4 121 29.8 86.8 77.00 243
D06-01.08 0.04 16.3 0.06 1.02 1.84 0.88 9.43 3.09 38.9 16.7 87.4 21.4 246 57.1 117 162 500
D06-01.09 0.17 18.4 0.08 0.98 1.72 1.01 8.5 3.01 39.7 18.4 101 25.6 296 71.9 17.7 4.51 586
D06-02.01 0.05 10.6 0.03 0.47 0.78 0.59 5.14 1.74 21.6 10.3 57.5 14.9 182 45.9 72.3 26.30 352
D06-02.02 0.51 15.7 0.2 0.96 1.14 0.42 3.96 1.42 19.1 8.56 49.5 13.1 164 41.4 12.1 3.48 320
D06-02.03 0.04 10.5 0.12 1.88 2.1 1.27 9.58 3.1 35.9 14.8 77.7 18.8 215 51.2 37.4 83.4 442
D06-02.04 0.04 13.2 0.04 0.69 1.24 0.73 5.89 2 27.1 12.6 70.7 18.3 221 55.0 81.0 53.4 429
D06-02.05 0.04 7.45 0.04 0.27 0.69 0.33 2.98 1.06 13.3 5.85 32.5 8.76 109 27.7 43.5 24.3 210
D06-02.06 0.04 8.91 0.03 0.3 0.59 0.3 2.75 0.91 12.2 5.37 29.2 7.79 96.1 24.2 60.1 20.8 189
D06-02.07 0.03 12.5 0.05 0.27 0.53 0.32 3 1 13.9 7 41.3 11.3 149 40.3 87.8 30.4 280
D06-02.08 0.06 9.25 0.03 0.47 1.12 0.49 5.32 1.86 21.6 9.23 43.6 10.3 116 26.1 54.1 31.5 245
D06-02.09 0.03 9.6 0.04 0.42 0.74 0.45 3.78 1.12 14.2 6.89 38.8 10.5 135 36.7 75.5 42.5 258
Zircons from the auriferous milky quartz vein
D-19.1 0.18 44 0.13 1.44 3.6 1.73 23.7 7.86 93.8 39.3 181 42.7 432 85.3 70.8 31 957
D-19.2 0.34 77.4 0.8 8.75 10.5 6.71 44.4 12.1 115 41 176 40 421 84.9 36.4 47.6 1039
D-19.19 0.74 35.7 0.79 5.46 5.22 2.37 19.7 6.53 75.5 28.2 135 30.9 324 65.9 11.5 10.9 735
D-19.24 1.71 84.6 1.5 10.1 8.96 2.91 32.2 9.82 101 37.1 161 35.5 357 71.6 13 8.12 915
D-19.3 0.11 3.22 0.11 1.13 1.51 0.24 7.88 3.38 43 18 90 21.4 232 46.3 7.08 20.5 468
D-19.20 5.58 61.5 4.36 28 19.6 2.35 54.5 16.5 175 63.9 281 61.3 602 112 3.06 5.42 1487
D-19.21 0.21 27.9 0.38 5.05 8.98 1.14 33.6 10.6 103 33.7 138 28.9 269 46.3 24.2 66.2 707
D-19.23 4.02 17.9 3.01 23.2 18.5 2 64.5 21.3 229 88.8 400 86.6 860 164 1.26 7.12 1982
D-19.25 0.17 6.41 0.12 1.88 3.26 0.45 21.5 8.34 104 41.6 186 42.1 417 77 11.1 29.2 909
D-19.26 0.18 5.75 0.15 1.75 3.69 0.41 21.3 8.06 99.5 39.4 179 39.6 394 72.2 8.47 30.7 866
D-19.27 0.17 6.45 0.1 0.96 3.13 0.32 15.6 6.32 85.7 33.8 161 34.5 354 68.3 12.8 29 771
D-19.28 10.4 40.7 4.27 23.8 11.6 1.74 34.2 11 121 45.3 218 49.4 510 103 1.5 1.71 1184
Zircons from the auriferous gray quartz vein
D-77.8 0.15 10.6 0.12 1.83 1.99 0.82 6.27 1.7 21.2 9.5 52.8 14.9 192 50.3 19.5 20.3 364
D-77.12 0.1 46.4 0.11 1.42 4.09 1.68 20.7 7.08 87.5 39.2 212 57.4 728 175 109 64.6 1381
D-77.16 0.24 18.3 0.08 0.74 0.89 1.19 4.84 1.67 21.9 8.82 48.9 12.7 169 49.6 32 5.87 339
D-77.18 0.68 16.8 0.26 1.76 1.29 0.68 9.47 3.7 50.6 20.6 104 24.3 260 50.3 9.78 2.94 544
D-77.10 86.7 473 77.6 453 147 128 150 24.5 190 58 250 56.3 559 101 1.41 2.62 2753
D-77.11 0.18 34.8 0.13 1.59 2.52 0.23 8.93 2.22 19.4 6.16 22.7 4.74 45.8 9.59 55.5 21.2 159
D-77.17 0.14 22.1 0.1 1.16 2.13 0.26 8.04 2.28 27.9 10.1 45.2 10 101 19 44.7 23.2 249
111Z. Bao et al. / Ore Geology Reviews 61 (2014) 107–119entrained from the metamorphic country rocks. Indeed, enclaves of
metamorphic rock are commonly observed near the sampling site in
the adit. The other group shows rather obscure zoning or no internal
texture on CL images (Fig. 4c).Fig. 4. Cathodoluminescence images of zircons from thZircon grains from the milky white auriferous quartz veins (D-19)
are yellow to brownish, transparent to translucent, and elongated to
stubby prisms (b100 μm). These zircon grains show ambiguous or no
oscillatory zoning on CL images (Fig. 4d).e syenite and ores of the Dongping gold deposit.
112 Z. Bao et al. / Ore Geology Reviews 61 (2014) 107–119Zircon grains from both the disseminated and quartz vein ores show
CL images similar to the internal structures of reported hydrothermal
zircon (Lawrie et al., 2007; Pettke et al., 2005; Wu and Zheng, 2004).
4.2. REE concentration
The REE concentrations of the pristine zircon grains from the
hornblende syenite are low (∑REE= 189–586 ppm), with normalized
patterns characterized by a steeply-rising slope from the LREE to the
HREE and with pronounced positive Ce anomalies (with δCe values
mostly higher than 50) and insigniﬁcant negative Eu anomalies (δEu =
0.60–0.97) (Table 1, Fig. 5a), which are typical for magmatic zircon
(Hoskin and Schaltegger, 2003). In contrast to pristine zircon, zircon
grains from the disseminated ore are enriched in REE (∑REE = 510–
9933 ppm), exhibiting ﬂat or less steep REE patternswith less signiﬁcant
Ce anomalies (δCe = 1.83–5.05) and positive Eu anomalies (δEu =
0.96–1.27) (Fig. 2, Zhao et al., 2010).
The REE concentrations of the hydrothermal zircon grains from the
gray auriferous quartz vein vary between 339 and 1381 ppm, showing
LREE depleted chondrite normalized REE patterns. However, the LREEs
are relatively more enriched than those of the pristine zircon grains and
have variable Ce and Eu anomalies (δCe = 9.8–109, δEu = 0.56–1.75,
Fig. 5b). The REE concentrations of the zircon grains entrained from the
metamorphic wall rocks were not analyzed in this study.
The REE concentrations of zircon grains from themilkywhite aurifer-
ous quartz vein (D-19) vary between 707 and 1982 ppm, and are signif-
icantly higher than those of the pristine zircon. These zircon grains canbe
roughly divided into two groups according to Ce and Eu anomalies. The
ﬁrst group consists of four grains (analysis Nos. 01, 02, 19, and 24),
exhibiting ambiguous zoning on CL images, pronounced Ce anomalies
(δCe = 11.5–70.5) and weak negative Eu anomalies (δEu = 0.52–0.95,
Fig. 5c). The other group (determination Nos. 0, 20, 21, 2, 25, 26, 27,
28), with ambiguous zoning or no clear internal textures on CL images,
shows less pronounced Ce anomalies (δCe = 1.26–24.2) and signiﬁcant
negative Eu anomalies (δEu = 0.14–0.26, Fig. 5d).Gray quartz vein (D-77), Mean Age=385Ma(b)
La Ce Pr Nd Sm Eu Gd Tb Dy Ho Er Tm Yb Lu
0.01
0.1
1
10
100
10000
1000
La Ce Pr Nd Sm Eu Gd Tb Dy Ho Er Tm Yb Lu
0.01
0.1
1
10
100
10000
1000
Hornblende syenite,Mean Age=400Ma(a)
zircon
zircon
sa
m
pl
e/
ch
on
dr
ite
sa
m
pl
e/
ch
on
dr
ite
Fig. 5. Chondrite normalized REE patterns of zircons from the hornblende syOn a discrimination diagram of (Sm/La)N–La (ppm) for zircon,
almost all of the zircon grains from the hornblende syenite plot in the
magmatic ﬁeld. In contrast, almost all of the zircon grains from the au-
riferous quartz veins and disseminated ores (except the interpreted
metamorphic zircon grains) are scattered and trend away from the
magmatic zircon ﬁeld. These zircon grains plot in the neocrystallized
hydrothermal zircon area of the diagram (Fig. 6), which indicates that
the zircon grains from ores are almost certainly of hydrothermal origin.4.3. U–Pb results
Thorium and uranium contents of pristine zircon from the
hornblende syenite (sample D-06) vary between 20.9–110 ppm and
48.7–209 ppm, respectively, with Th/U ratios of 0.35–0.65, which is typ-
ical for magmatic zircon. Seventeen LA–ICPMS U–Pb measurements of
pristine zircon yield similar 206Pb/238U ages with a weighted average
of 400 ± 3.5 Ma, MSWD = 0.018 (Table 2, Fig. 7a). This age is taken
to represent the age of crystallization for the hornblende syenite and
is slightly but detectably older than previously published SHRIMP data
(Miao et al., 2002).
Zircon grains from the disseminated ore (BDP-04) exhibit muchmore
varied Th and U contents and Th/U ratios compared to the magmatic
zircon, ranging from 13.1 to 5383 ppm, 94 to 17563 ppm, and 0.08 to
0.92, respectively. These zircon grains commonly have higher contents
of Th and U. Considering the morphology, texture, CL images, and Th, U,
and REE signatures, we propose that these are hydrothermal zircon;
the higher Th, U and REE contents are likely contributed from post-
magmatic hydrothermal solutions (Zhao et al., 2010). The 35 LA–ICPMS
U–Pb analyses of zircon grains fall into two populations (Table 3, Fig. 7b,
c,d). The ﬁrst cluster of 14 spots yields a weighted average 206Pb/238U
age of 389±1.0Ma (MSWD= 0.20). The second cluster of 9 spots yields
a weightedmean age of 357.5± 3.0Ma (MSWD= 0.37). As no tectono-
magmatic activity was recognized in the region, age of the 9 spots might
be the result of partly resetting of the U–Pb isotopic system during laterMilky white quartz vein (D-19)
Mean Age=240Ma
(c)
(d)
Milky white quartz vein (D-19), Mean Age=150Ma
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Fig. 6. Discriminant diagram of (Sm/La)N versus La for zircons from the syenite and
auriferous quartz veins (after Hoskin, 2005; Kirkland et al., 2009).
113Z. Bao et al. / Ore Geology Reviews 61 (2014) 107–119stage hydrothermal alteration and are geologically meaningless (Chen
et al., 2011).
The CAMECA ims-1280 SIMS analyses were conducted on zircon
grains from both the gray and milky white auriferous quartz veins
(Table 4). Three of the 19 analyses (point Nos. D-77.10, D-77.11,
and D-77.17) of zircon grains from the auriferous quartz veins yield
206Pb/238U apparent ages of 2050 Ma, 1805 Ma, 2284 Ma, respectively.
Considering the core-overgrowth CL images, these ages are likely relat-
ed to the common occurrence of metamorphic rock enclaves in the sy-
enite at the lower part of the No.1-70 orebody. These zircon grains
must have been acquired from metamorphic rocks that underwent
high grade metamorphism in the Paleoproterozoic. The other 16 analy-
ses can be divided into three groups (Fig. 8a), within which two groups
come from the milky white auriferous quartz vein.
Hydrothermal zircon grains from the auriferous gray quartz vein are
characterized by low Th and U contents, and low Th/U ratios as well,
varying in ranges of 4–28 ppm, 54–521 ppm, and 0.04–0.55, respective-
ly. Four analyses yield a weightedmean 206Pb/238U age of 385± 5.7 Ma
(MSWD = 0.42) (Fig. 8b), which is essentially identical to the LA–
ICPMS result of 389 ± 1.0 Ma, close to but resolvably younger than
the age of the syenites (400 ± 3.5 Ma).
It is noteworthy that the zircon grains with 206Pb/238U age of ~385
Ma from the disseminated ore and quartz auriferous vein have high UTable 2
LA-ICPMS U–Pb results for pristine zircons from the hornblende syenite*.
Spot no. Th U Pb* Th/U 207Pb/206Pb 207Pb/235U
ppm ppm ppm Ratio 1σ Ratio
D06-01.02 92.1 149 57.1 1.62 0.05627 0.00418 0.48867
D06-01.03 94.9 147 42.4 1.55 0.05499 0.00464 0.48663
D06-01.04 126 209 60.3 1.65 0.05275 0.00233 0.46989
D06-01.05 35.8 93.3 25.2 2.61 0.05209 0.0038 0.45636
D06-01.06 110 179 51.9 1.63 0.04707 0.00248 0.41819
D06-01.07 37.0 77.8 26.3 2.10 0.05125 0.00519 0.47785
D06-01.08 80.0 142 42.6 1.77 0.05521 0.00301 0.49045
D06-01.09 85.1 165 45.9 1.93 0.05449 0.00299 0.47164
D06-02.01 35.2 84.7 26.5 2.40 0.05584 0.00434 0.49294
D06-02.02 64.6 112 28.3 1.74 0.05472 0.00473 0.48753
D06-02.03 57.4 96.5 28.7 1.68 0.0551 0.00445 0.49719
D06-02.04 49.9 112 31.3 2.24 0.05382 0.00412 0.47337
D06-02.05 23.5 60.5 18.9 2.58 0.05476 0.00542 0.48897
D06-02.06 33.6 81.6 24.1 2.43 0.05443 0.00402 0.48586
D06-02.07 52.0 115 33.3 2.20 0.05549 0.00341 0.4883
D06-02.08 20.9 48.7 13.9 2.32 0.05987 0.00615 0.52
D06-02.09 35.7 102 28.0 2.86 0.05527 0.0047 0.48458
* Represents radiogenic lead.and Th contents and low Th/U ratios, similar to the zircon grains from
the syenite rocks from the Dongping and Hougou areas analyzed by
Miao et al. (2002). These zircons all have identical ages, but are striking-
ly different from those of themagmatic zircon grains in thewestern part
of the syenite complex (Fig. 9).
Eight analyses of one group of zircon grains from themilky white au-
riferous quartz vein are relatively low in Th and U contents, and Th/U ra-
tios, varying in ranges of 81–574 ppm, 215–1626 ppm, and 0.22–0.88,
respectively. The 8 206Pb/238U ages show some scatter and range from
227 to 256 Ma with a weighted mean age of 242 ± 6.8 Ma (MSWD =
6.3, Fig. 8c), which is roughly contemporaneous with the Triassic granite
intrusion in the region (Jiang et al., 2007; Miao et al., 2002). The other
group of zircons from themilky white auriferous quartz veins is general-
ly more enriched in Th and U, 320–4566 ppm and 396–1824 ppm, re-
spectively, with high Th/U ratios (Th/U = 0.66–2.50). Four analyses
yield a weighted average 206Pb/238U age of 147.8 ± 2.3 Ma (MSWD =
3.3, Fig. 8d), which is similar to the U–Pb age of hydrothermal zircon
(140.3 ± 1.4 Ma) reported by Li et al. (2010) as well as the age of the
Early Cretaceous Shangshuiquan syenogranite adjacent to the deposit
(SHRIMP zircon U–Pb, 142.5 ± 1.3 Ma, Miao et al., 2002).
The hydrothermal zircon grainswith a 206Pb/238U age of 385±5.7Ma
may be interpreted to be formed during a post-magmatic stage of the
Shuiquangou syenite emplacement, whereas the hydrothermal zircon
grains of 147.8 ± 2.3 Ma may have been precipitated during younger
episodes of hydrothermal ore formation.
5. Discussion
5.1. Timing of gold mineralization
Many geochronological investigations have been conducted on the
Dongping gold mineralization, but the results are extremely scattered,
ranging from 350Ma to 120Ma (Table 5) and have led to contradictory
interpretations of ore genesis (Hu and Luo, 1994; Jiang and Nie, 2000; Li
et al., 1998, 2010; Wang, 1992; Xu et al., 2001). Most of the reported
results were obtained using the Ar–Ar method on hydrothermal K-
feldspar, quartz, and sericite (Hart et al., 2002; Jiang and Nie, 2000).
The highly variable Ar–Ar results (290Ma to ~153 Ma), whichmay suf-
fer from either mixing of multistage hydrothermal minerals or gains/
losses of Ar duringmultistage hydrothermal activities, cannot be related
to any single tectonomagmatic event (Villa et al., 2013).
Zircon is commonly considered as an ideal dating method for geo-
chronological studies because of its strong physical and chemical stabil-
ity, as well as a closure temperature greater than 900 °C for the Th–U–206Pb/238U 207Pb/206Pb 207Pb/235U 206Pb/238U
1σ Ratio 1σ Age 1σ Age 1σ Age 1σ
0.03469 0.06298 0.00161 463 112 404 24 394 10
0.03933 0.06417 0.00181 412 130 403 27 401 11
0.01984 0.0646 0.00104 318 67 391 14 404 6
0.03212 0.06354 0.00144 289 119 382 22 397 9
0.02126 0.06443 0.00113 53 79 355 15 403 7
0.04681 0.06761 0.00202 252 166 397 32 422 12
0.02565 0.06442 0.00121 421 83 405 17 402 7
0.02476 0.06276 0.00122 391 83 392 17 392 7
0.03682 0.06403 0.00162 446 121 407 25 400 10
0.04063 0.06462 0.00173 401 139 403 28 404 10
0.03859 0.06545 0.00169 416 127 410 26 409 10
0.03478 0.06379 0.00159 364 121 394 24 399 10
0.04666 0.06476 0.00195 402 160 404 32 405 12
0.03452 0.06474 0.00155 389 117 402 24 404 9
0.0288 0.06382 0.00131 432 95 404 20 399 8
0.05127 0.06299 0.00208 599 157 425 34 394 13
0.03952 0.06358 0.00177 423 133 401 27 397 11
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Fig. 7. U–Pb concordia plots for zircons from the hornblende syenite and disseminated ore.
114 Z. Bao et al. / Ore Geology Reviews 61 (2014) 107–119Pb isotopic system (Lee et al., 1997). However, studies have shown that
zircon may also crystallize at temperatures ranging from 600 to 300 °C,
or even lower, from hydrothermal solutions or aqueous saturated relict
melts (Geisler et al., 2003a,b,c; Martin-Martin et al., 2006; Pelleter et al.,
2007; Rizvanova et al., 2000).
Some researchers have successfully dated mineralization using hy-
drothermal zircon from altered wall rocks and auriferous ores. Claoué
Long et al. (1990) and Kerrich and King (1993) studied hydrothermal
zircon from auriferous quartz veins from the Abitibi greenstone belt in
Canada, and demonstrated that the zircon contained ﬂuid inclusions
and grains of native gold that formed at 260–380 °C and 200 MPa, and
thus the U–Pb age of the zircon grains was interpreted to be the age of
gold mineralization. Valley et al. (2009) dated an iron oxide copper–
gold ore deposit using hydrothermal zircon grains separated from the
ore that exhibit clear BSE images without internal structures. Hydro-
thermal zircon was also used to date exhumation of UHP eclogite (Wu
et al., 2009).
Zircon grains from the hornblende syenite sampled in the north-
western corner of the Shuiquangou syenite complex are unambiguously
magmatic and yield a LA–ICP-MS zircon U–Pb age of 400 ± 3.5 Ma,
which represents the crystallization age of the syenite complex. The sy-
enite along with other Devonian alkaline rocks and maﬁc–ultramaﬁc
complexes from neighboring regions occurring along the Shangyi–
Chicheng deep fault constitute a linear post-collisional magmatic belt
on the northern margin of the North China Craton, possibly formed
under a tectonic regime of slab breakoff (Zhang and Zhai, 2010; Zhang
et al., 2010a, b). During the Late Paleozoic to Mesozoic, the northern
margin of the North China China Craton underwent several magmatic
events (Zhang and Zhai, 2010). The hydrothermal processes in
the Dongping areamay be related to thesemultiphases of magmatic ac-
tivities. Studies on ﬂuid inclusions show that the Dongping gold depositformed between 360 and 280 °C and 40 and 180MPa (Mao et al., 2003),
a condition favorable for hydrothermal zircon crystallization (Geisler
et al., 2003a,b,c; Martin-Martin et al., 2006; Pelleter et al., 2007;
Rizvanova et al., 2000). The zircon grains from the disseminated
ore and from the gray auriferous quartz vein, which yield U–Pb ages of
389 ± 1.0 Ma and 385 ± 5.7 Ma, respectively, and exhibit CL images
and U, Th, Pb, and REE concentrations, are different from those of the
magmatic zircon. Therefore, the U–Pb dates of these hydrothermal
zircon grains may identify an early stage of gold mineralization that
is related to post-magmatic hydrothermal processes and pervasive
metasomatism (Jiang et al., 2003).
The origin and geological signiﬁcance of the eight analyses of zircon
grains from themilky white auriferous quartz vein that have somewhat
scattering U–Pb ages with a weighted mean age of 242 ± 6.8 Ma
(Fig. 8c) are puzzling and open to debate. Three possible origins might
be proposed for this group of zircon: they are 1) magmatic zircon
derived from the neighboring intrusions and carried into the vein by
hydrothermal ﬂuids via fracture systems; 2) zircon precipitated from
hydrothermal solutions related to the Triassic magmatism; and 3) hy-
drothermally altered magmatic zircon entrained from the syenite wall
rock. However, none of the three hypotheses offer completely satisfac-
tory explanations for the origin of the zircon grains, and thus the geolog-
ical implication of the age is still unclear. Even though the U–Pb age of
this group of zircon grains is roughly contemporaneouswith the Triassic
granite intrusions in the region (Jiang et al., 2007;Miao et al., 2002), the
nearest granites occur more than 5 km away and make it improbable
that the ~100 μm zircon grains were carried for such distances by ﬂuid
solutions through a fracture system. No geological ﬁeld or microscopy
evidence supports multiple stages of formation for the milky white
quartz vein, so the zircon grains are unlikely to be of hydrothermal ori-
gin related to the Triassic granites in the neighboring area. The third
Table 3
LA-ICPMS U–Pb results for the zircons from the disseminated ore.
Th U Pb Th/U 207Pb/206Pb 207Pb/235U 206Pb/238U 207Pb/206Pb 207Pb/235U 206Pb/238U
ppm ppm ppm Ratio 1σ Ratio 1σ Ratio 1σ Age 1σ Age 1σ Age 1σ
BDP4A.01 17.0 144 39.7 0.12 0.05817 0.00104 0.50089 0.00775 0.06244 0.00039 536 23 412 5 390 2
BDP4A.03 56.2 281 61.6 0.20 0.07031 0.00156 0.47571 0.00952 0.04907 0.00037 453 67 321 8 303 2
BDP4A.04 5383 17563 3531 0.31 0.14939 0.00149 0.85634 0.00442 0.04157 0.00021 514 116 259 12 232 1
BDP4A.05 74.5 587 156 0.13 0.05583 0.00109 0.46371 0.00796 0.06023 0.0004 367 46 375 6 376 2
BDP4A.06 67.0 463 127 0.14 0.05487 0.00075 0.47021 0.00496 0.06214 0.00034 407 14 391 3 389 2
BDP4A.07 191 836 229 0.23 0.05510 0.00074 0.47181 0.00485 0.0621 0.00034 416 13 392 3 388 2
BDP4A.08 270 364 94.9 0.74 0.05325 0.00112 0.43560 0.00820 0.05932 0.0004 339 30 367 6 371 2
BDP4A.09 34.1 454 112 0.08 0.05613 0.00095 0.43156 0.00619 0.05575 0.00034 371 37 352 4 349 2
BDP4A.10 365 465 127 0.78 0.05440 0.00072 0.46661 0.00472 0.0622 0.00034 388 13 389 3 389 2
BDP4A.12 251 1265 345 0.20 0.05450 0.00059 0.46559 0.00311 0.06195 0.00032 392 7 388 2 387 2
BDP4A.13 235 1146 312 0.20 0.05470 0.00065 0.46568 0.00377 0.06173 0.00033 400 9 388 3 386 2
BDP4A.14 72.3 500 137 0.14 0.05340 0.00067 0.45725 0.00419 0.06209 0.00033 346 11 382 3 388 2
BDP4A.15 84.3 789 216 0.11 0.05330 0.00063 0.45664 0.00368 0.06212 0.00033 342 9 382 3 389 2
BDP4A.17 4794 11712 2864 0.41 0.11473 0.00114 0.82546 0.00430 0.05218 0.00026 487 75 326 9 304 2
BDP4A.19 41.2 202 54.1 0.20 0.07819 0.00169 0.63921 0.01243 0.05928 0.00045 564 69 391 10 362 3
BDP4A.20 947 4895 1208 0.19 0.06720 0.00074 0.51195 0.00354 0.05525 0.00029 415 30 351 4 341 2
BDP4A.21 40.4 298 81.8 0.14 0.05422 0.00080 0.46559 0.00550 0.06228 0.00035 380 17 388 4 389 2
BDP4A.22 72.5 797 218 0.09 0.05412 0.00068 0.46405 0.00423 0.06218 0.00033 376 11 387 3 389 2
BDP4A.24 100 947 241 0.11 0.05617 0.00071 0.44525 0.00415 0.05748 0.00031 378 27 362 3 359 2
BDP4A.26 88.8 300 77.3 0.30 0.05908 0.00091 0.47357 0.00602 0.05813 0.00034 383 42 365 5 362 2
BDP4A.27 71.6 469 120 0.15 0.05707 0.00084 0.45593 0.00543 0.05794 0.00033 374 34 363 4 362 2
BDP4A.28 54.1 370 92.2 0.15 0.05821 0.00152 0.45126 0.01090 0.05622 0.00045 538 39 378 8 353 3
BDP4A.29 119 727 184 0.16 0.05552 0.00098 0.43807 0.00667 0.05722 0.00036 433 23 369 5 359 2
BDP4B.02 573 2431 664 0.24 0.05583 0.00057 0.48492 0.00275 0.06298 0.00032 429 21 399 3 394 2
BDP4B.05 98.8 555 151 0.18 0.05469 0.00064 0.47519 0.00384 0.06300 0.00034 400 9 395 3 394 2
BDP4B.09 1498 3706 1035 0.40 0.07700 0.0008 0.66943 0.00393 0.06305 0.00033 400 41 386 5 383 2
BDP4B.11 2538 5233 1483 0.48 0.08657 0.00086 0.75607 0.00392 0.06333 0.00032 465 46 393 6 381 2
BDP4B.18 27.8 225 61.2 0.12 0.05478 0.00076 0.47409 0.00517 0.06275 0.00035 403 15 394 4 392 2
BDP4B.20 13.1 94 25.6 0.14 0.05899 0.00144 0.51057 0.01143 0.06276 0.00048 511 57 409 8 392 3
BDP4B.21 96.6 1078 298 0.09 0.06741 0.00076 0.58563 0.00429 0.063 0.00033 417 29 392 4 388 2
BDP4B.24 406 500 138 0.81 0.06242 0.00077 0.54389 0.00477 0.06318 0.00034 466 45 403 6 392 2
BDP4B.25 556 607 166 0.92 0.05643 0.00063 0.49082 0.00357 0.06308 0.00033 469 8 405 2 394 2
BDP4B.26 1410 4084 1183 0.35 0.12140 0.00124 1.04686 0.00597 0.06253 0.00032 382 92 361 12 358 2
BDP4B.28 1148 3791 1085 0.30 0.12305 0.00124 1.04672 0.00564 0.06168 0.00032 479 86 371 12 354 2
BDP4B.30 3073 6711 1830 0.46 0.23626 0.00234 1.7259 0.00876 0.05297 0.00027 372 261 268 27 257 2
115Z. Bao et al. / Ore Geology Reviews 61 (2014) 107–119possibility, that zircon entrained from the syenitewall rock experienced
Pb-loss might be a more plausible interpretation. Zircon grains or do-
mains can be altered by different processes, especially when metamict
and followed by diffusion-reaction and/or ﬂuid-driven dissolution–
reprecipitation processes causing partial or total Pb-loss (e.g., Geisler
et al., 2007; Gerdes and Zeh, 2009; Halpin et al., 2012; Mezger and
Krogstad, 1997; Toscano et al., 2014). The rather low concentrations ofTable 4
CAMECA ims-1280 SIMS U–Pb results for zircons from the auriferous quartz veins.
U
ppm
Th
ppm
Th/U f206
(%)
207Pb/
206Pb
±σ
%
207Pb/
235U
±σ
%
Zircons from the milky white auriferous quartz vein
D-19.1 536 354 0.66 0.03 0.05013 1.72 0.16698 2.3
D-19.2 396 320 0.81 0.68 0.04821 3.35 0.15016 3.6
D-19.19 1824 4566 2.50 1.03 0.04851 2.10 0.15577 2.6
D-19.24 919 1480 1.61 0.28 0.04797 1.65 0.15033 2.2
D-19.3 215 81 0.38 0.07 0.04999 2.53 0.27358 2.9
D-19.20 1171 298 0.25 0.98 0.04969 1.11 0.24562 1.8
D-19.21 282 185 0.65 0.05 0.05082 1.74 0.26657 2.3
D-19.23 343 300 0.88 0.11 0.05016 1.70 0.27241 2.2
D-19.25 303 171 0.56 0.00 0.05068 1.55 0.26647 2.1
D-19.26 266 121 0.46 0.57 0.05104 3.73 0.26210 4.0
D-19.27 570 127 0.22 2.37 0.05169 2.07 0.27517 2.5
D-19.28 1626 574 0.35 0.02 0.05061 0.68 0.28225 1.7
Zircons from the gray auriferous quartz vein
D-77.8 54 4 0.08 0.26 0.05338 3.82 0.45272 4.1
D-77.12 489 18 0.04 0.02 0.05439 1.03 0.46610 1.8
D-77.16 185 29 0.16 0.03 0.05646 1.66 0.48185 2.2
D-77.18 521 285 0.55 0.42 0.05503 1.42 0.46110 2.1
D-77.10 68 61 0.89 0.46 0.15849 1.22 8.18256 2.0
D-77.11 26 124 4.76 0.00 0.11405 1.73 5.07985 2.3
D-77.17 56 50 0.89 0.02 0.14838 1.66 8.69832 2.2actinides in the zircons (U 81–574 ppm, Th 215–1626 ppm), the short
age interval (~150 Ma) between the time of original crystallization
and proposed alteration, and the preserved magmatic zoning suggest
little radiation damage. Even though solid volume diffusion has been
demonstrated as amechanismof Pb-loss in zircon, substantial diffusion-
al Pb-loss from zircon is only possible at high temperatures (≥800 °C)
and maintained for a few Ma (Ashwal et al., 1999; Bea and Montero,206Pb/
238U
±σ
%
207Pb/
206Pb
±σ 207Pb/
235U
±σ 206Pb/
238U
±σ
1 0.0242 1.55 201.1 39.4 156.8 3.4 153.9 2.4
8 0.0226 1.52 109.5 77.2 142.0 4.9 144.0 2.2
4 0.0233 1.59 124.1 48.8 147.0 3.6 148.4 2.3
3 0.0227 1.50 97.6 38.5 142.2 3.0 144.9 2.2
5 0.0397 1.51 194.7 57.7 245.6 6.4 250.9 3.7
8 0.0358 1.51 180.6 25.8 223.0 3.8 227.1 3.4
0 0.0380 1.51 232.5 39.7 239.9 4.9 240.7 3.6
8 0.0394 1.52 202.6 39.0 244.6 5.0 249.0 3.7
6 0.0381 1.51 226.4 35.5 239.9 4.6 241.2 3.6
2 0.0372 1.50 242.8 83.8 236.4 8.5 235.7 3.5
6 0.0386 1.51 271.7 46.8 246.8 5.6 244.2 3.6
8 0.0405 1.64 222.9 15.6 252.4 4.0 255.6 4.1
1 0.0615 1.52 344.9 84.3 379.2 13.1 384.8 5.7
2 0.0622 1.50 387.1 23.1 388.5 5.9 388.7 5.7
4 0.0619 1.51 470.3 36.3 399.3 7.4 387.2 5.7
0 0.0608 1.55 413.5 31.5 385.0 6.8 380.3 5.7
0 0.3744 1.59 2439.6 20.5 2251.4 18.3 2050.3 28.0
0 0.3230 1.52 1864.9 30.9 1832.7 19.7 1804.6 23.9
5 0.4252 1.51 2327.3 28.2 2306.9 20.7 2283.9 29.1
0.13 0.14 0.15 0.16 0.17 0.18
0.021
0.023
0.024
0.022
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140
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Average mean age 147.8±2.3Ma
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Fig. 8. U–Pb concordia plots for zircons from the auriferous quartz veins.
116 Z. Bao et al. / Ore Geology Reviews 61 (2014) 107–1192013). As the Shuiquangou syenite complex has not experienced high
grade metamorphism or high temperature thermal impacts after
emplacement, Pb-loss through diffusiion is unlikely. Considering the
occurrence of the zircon group with somewhat scattering U–Pb ages
(~242 Ma), we argue that the zircon grains are possibly entrained from
the syenites and/or metamorphic rocks rock and experienced Pb-loss
through unrecognized mechanism during the hydrothermal processes.
The hydrothermal zircon grains from the low-grade milky white
auriferous quartz vein in the Dongping gold deposit yield U–Pb ages of0
0.5
1.0
1.5
2.0
2.5
3.0
10 100
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/U
U p
Fig. 9.U vs. Th/U diagram for themagmatic and hydrothermal zircons from the host rocks and o147.8 ± 2.3 Ma, which may represent overprint effects of the Jurassic–
Cretaceous Yanshanian hydrothermal event. This youngest stage of
gold mineralization is roughly contemporary with intrusion of the Meso-
zoic Shangshuiquan syenogranite (142.5± 1.3Ma, SHRIMP zircon U–Pb)
and the Zhuanzhilian pyroxene diorite (139.5 ± 0.9 Ma, SHRIMP zircon
U–Pb), which were emplaced adjacent to the syenite complex and the
Donpingmining area (Jiang et al., 2007;Miao et al., 2002). So, it can be de-
duced that this ﬁnal stage of gold mineralization was related to the
Yanshanian magmatism. A late Yanshanian gold event was also1000 10000
pm 
D-06 HG-1  DP-4
BDP-04 D-77
res (DP-4 and HG-1 are zircons from the Dongping and Hougou areas byMiao et al., 2002).
Table 5
Geochronological results from gold mineralization related to the Shuiquangou syenite complex.
Sampling location Mineral or rock analyzed Method Age(Ma) Source
Dongping gold deposit
No.1 to N.70 vein group
Zircon, auriferous quartz vein Conventional zircon U-Pb 350.9 ± 0.9 Li et al. (1998)
Zircon, disseminated ore LA–ICP-MS zircon U–Pb 389 ± 1 The authors
K-feldspar, auriferous quartz vein Ar–Ar 177.4 ± 5 Song and Zhao (1996)
K-feldspar, auriferous quartz vein Ar–Ar 156.7 ± 0.9 Lu et al. (1993)
K-feldspar, disseminated ore Ar–Ar 289.1 ± 0.3 Jiang et al. (2000)
Sericite, disseminated ore Ar–Ar 186.8 ± 0.3 Jiang and Nie (2000)
Hydrothermal zircon, quartz vein LA–ICP-MS zircon U–Pb 140.3 ± 1.4 Li et al. (2010)
Zircon, low grade quartz vein SIMS zircon U–Pb 242 ± 6.8 The author
Zircon, low grade quartz vein SIMS zircon U–P 147.8 ± 2.3 The author
Muscovite, disseminated ore Ar–Ar 153 ± 3 Hart et al. (2002)
Fluid-inclusion, auriferous quartz vein Rb–Sr isochron 103 ± 8 Mo et al. (1997)
Zhongshangou gold deposit K-feldspar, auriferous altered rocks adjacent to quartz vein Ar–Ar 241 Hart et al., 2002
Hougou gold deposit Quartz, auriferous quartz vein Ar–Ar 177.6 ± 1.9 Hu and Luo(1994)
K-feldspar, auriferous quartz vein Ar–Ar 172.9 ± 5 Wang, 1992
K-feldspar, auriferous altered rock adjacent to quartz vein Ar–Ar 288.1 ± 0.4 Jiang and Nie (2000)
Sericite, auriferous altered rock adjacent to quartz vein Ar–Ar 187.6 ± 0.4 Jiang and Nie (2000)
K-feldspar, auriferous quartz vein Laser probe Ar–Ar 202.6 ± 1.0 Xu et al. (2002)
Huangtuliang gold deposit Sericite, auriferous altered rock adjacent to quartz vein Ar–Ar 187.4 ± 0.3 Jiang and Nie (2000)
117Z. Bao et al. / Ore Geology Reviews 61 (2014) 107–119conﬁrmed by LA–ICPMS zircon U–Pb dating of Li et al. (2010, 2012b) for
the Dongping and Hougou area gold deposits, which yielded U–Pb ages
of 141.2 ± 1.3 Ma and 154.4 ± 1.3, respectively.
5.2. Metallogenetic constraints placed by U–Pb ages of hydrothermal zircon
The Dongping gold deposit along with other adjacent gold deposits,
including those at Zhongshangou, Jinjiazhuang, and Hougou, is spatially
related to the Shuiquangou syenite complex, with all orebodies occur-
ring inside of the complex or in the contact zones. Sulfur, Pb, Sr, and Si
isotope compositions of the oreminerals and/or hydrothermalminerals
related to the gold mineralization suggest that the ore metals were
mainly derived from the syenite complex, although the Archaen meta-
morphic rocks may also have played a role (Bao and Zhao, 2006; Mo
et al., 1997; Nie, 1998). Hydrogen-O isotope compositions of ﬂuid inclu-
sions show that the ore-forming ﬂuids were predominantly magmatic
solutions with some interaction by meteoric water (Bao and Zhao,
2006; Fan et al., 2001; Nie, 1998). Accordingly, the magmatism of the
syenite complex was a principal factor controlling the formation of the
gold deposit, and thus the gold deposits are akin to the genetic type of
associated alkali rocks (Nie, 1998; Zhang et al., 2005).
The two groups of hydrothermal zircon grains from the disseminated
ore and gray auriferous quartz vein, yielding roughly identical U–Pb ages
of 389±1.0Ma and 385±5.7Ma, respectively, indicate that the ore de-
posit formed during the post-magmatic stage of syenite emplacement.
Even though a group of zircon grains from the quartz vein yields a
weightedmean age of 242± 6.8 Ma, which is similar to those of the Tri-
assic granitic intrusions in the region, however, no geological evidence
supports that there was a hydrothermal ore-forming processes associat-
edwith the Triassicmagmatism. The ~140Ma hydrothermal zircon from
the auriferous quartz vein suggests Yanshanian hydrothermal superim-
position. The predominance of post magmatic hydrothermal origin of
the ore deposits conﬁrms a genetic association with the Shuiquangou
syenite as previously evidenced by S, Pb, and Si isotope compositions of
the sulﬁde and quartz. Accordingly, it can now be accepted that the ore
forming materials were mainly derived from the syenite complex.
6. Conclusions
1. LA–ICPMS zircon U–Pb dating of hornblende syenite from the west-
ern part of the Shuiquangou syenite complex yields a crystallization
age of 400 ± 3.5 Ma (MSWD = 0.018). The previous zircon U–Pb
ages for syenites from the Dongping mining area and the eastern
part of the complex (390 ± 6 Ma and 386 ± 7 Ma, respectively)
may represent the age of widespread pervasive post-magmatic
hydrothermal alterations.2. Hydrothermal zircon from the K-feldspathized–siliciﬁed syenite
ore and auriferous quartz vein yield U–Pb ages of 389 ± 1.0 Ma and
385 ± 5.7 Ma, respectively, suggesting a post-magma origin for the
main stage of gold mineralization in the Dongping gold deposit.
3. Hydrothermal zircon grains from the auriferous quartz vein
yield a weighted mean U–Pb age of ~140 Ma, indicative of the
overprinting of a late stage hydrothermal event.
4. The metallogenetic model of post-magmatic with late stage over-
print for the gold mineralization well explains the close spatial and
temporal association between the syenite complex and gold miner-
alization, aswell as the pervasive K-feldspathization and siliciﬁcation
accompanying the gold mineralization.
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